that systematically increases as its Se content is depleted. The present thermal results are in harmony with Raman scattering, neutron diffraction, dielectric spectroscopy and optical microscopy measurements and suggest that Se-rich glasses in the Ag-Ge-Se ternary system intrinsically phase separate on a macroscopic scale.
Introduction
Ag-containing chalcogenide glasses have attracted widespread interest for applications in optical recording [1] and as solid electrolytes [2] . While most of this work has been performed on amorphous Ge-Se thin films in which Ag has been photo-diffused [3] , important insight into the physical behaviour of these films has emerged by examining the corresponding bulk glasses. The experimental methods used include neutron diffraction [4] , Raman scattering [5] , differential scanning calorimetry (DSC) [4] , electrical conductivity [6] , dielectric spectroscopy [7] and optical microscopy [7] . In spite of this large database, there continues to be a debate on basic aspects of the glass structure. For example, neutron diffraction [4] , vibrational spectroscopy [5] and DSC [5] results on the ternary Ag y (Ge x Se 1−x ) 1−y glass with composition x = y = 1/4 were found to be consistent with a homogeneous network structure. This view is, however, in sharp contrast to a molecular dynamics study [8] on the same glass [5] which suggests that Ag is clustered.
Diffraction methods [8] [9] [10] [11] [12] have traditionally served as a direct means of probing liquid and glass structure, although analyses of structure factors have required increasingly Figure 1 . Glass-forming regions in the Ag-Ge-Se ternary system taken from [19] . The Se-rich and Ge-rich regions are denoted by I and II respectively. sophisticated theoretical models [8] [9] [10] . Even with the most recent ab initio molecular dynamics procedures [9, 10] , artifacts of chemical disorder invariably appear to be frozen in because of the rapid quench rates used (or short simulation times employed) to synthesize glasses in these numerical experiments. Existing computational capabilities do not permit a relaxation of computer synthesized networks for periods much longer than a nanosecond,which is significantly shorter than the timescale (of a few seconds) typical of atomic scale structural relaxation in the laboratory near the glass transition temperature T g . Fortunately, crucial insight into glass structure, at both a local and medium-range level, can be independently accessed by local probes (e.g. nuclear quadrupole resonance, nuclear magnetic resonance, Mössbauer effect) [13, 14] , by vibrational spectroscopies (e.g. IR and Raman scattering) [15] and, in particular, by thermal analysis methods. Glass transition temperatures provide a global measure of network connectivity as elegantly demonstrated by stochastic agglomeration theory in a series of publications by Kerner and Micoulaut [16, 17] . Experimentally, the recently introduced T -modulated variant of differential scanning calorimetry (MDSC), in contrast to DSC, offers the prospect of not only a higher sensitivity for the measurement of T g values but also a means for establishing these characteristic temperatures independent largely of scan rate and thermal history effects [18] .
In this communication we report on the molecular structure of bulk quenched Ag y (Ge x Se 1−x ) 1−y glasses at x = 0.20 and 0.25 as a function of Ag additive concentration in the 0 y 0.25 range. These glasses form part of the Se-rich compositions [19] (region I) in the Ag-Ge-Se ternary system (figure 1) where apparently the glass-forming tendency is optimized. We have examined these compositions in MDSC experiments. An analysis of the results by using constraint counting algorithms [20] [21] [22] [23] ,along with the information provided by vibrational spectroscopy [19] , neutron diffraction [5, 8] , dielectric spectroscopy [7] and optical microscopy methods [7] , shows that glasses in region I are intrinsically phase separated [19] on a macroscopic scale. In sharp contrast, Ge-rich glasses (x > 1/3, region II in figure 1), separated from region I by a corridor, display single T g values and the Ag forms part of the base-glass network [19] . These latter compositions will not be discussed in the present work. 
Experimental results
The bulk glasses were prepared [19] by reacting 99.999% Ge, Se and Ag in evacuated quartz tubes (5 mm inner diameter, 1 mm wall thickness) at 950
• C for several days by periodic shaking. Melts were equilibrated at 830
• C and then water quenched. MDSC scans of the samples were taken at a 3
• C min −1 scan rate and a 1 • C 100 s −1 modulation rate using a model 2920 TA Instruments unit. In MDSC, glass transition temperatures are deduced from the inflection point of the reversing heat flow [15] and a typical measurement error is ±1
• C. • C that systematically shifts up in T and decreases in strength (or stepsize C p in the constant pressure heat capacity) as a function of increasing Ag concentration, and a second, high-T , one centred near 230
• C that does not shift with Ag concentration but which progressively increases in strength. As discussed later, in these scans the endotherm that shifts up with Ag content will be identified with the glass transition temperature of the base glass and will henceforth be labelled T ) endotherm to increase in strength and also to move to a slightly lower temperature of 270
• C. These results suggest that phases giving rise to processes at T a g and T
1
x are generically related, a point to which we will later return. • C, a pattern also noted at x = 0.20 (figure 2). Furthermore, for y > 0.10 the glass transition temperature, T a g , becomes clearly discernible and remains independent of y over the range examined. These compositional trends in T g provide the basis for a discussion of the underlying phase transformations (section 3). Powder x-ray diffraction measurements (using the Cu Kα line with λ = 1.54 Å) of a glass sample at x = y = 1/4 heated to T 1 x for several minutes are reproduced in figure 6 . The observed reflections can be indexed after crystalline Ag 8 GeSe 6 [24] . Apparently, crystallization at T 1 x involves the Ag 2 Se glass phase combining with the requisite amount of GeSe 2 (removed from the base glass) to precipitate the ternary crystal. On stoichiometric grounds, the ternary crystal (Ag 8 GeSe 6 = 4(Ag 2 Se) + GeSe 2 ) can be regarded as being composed of four formula units of Ag 2 Se that combine with one formula unit of GeSe 2 . Thus partial crystallization of the glass by heating to T 1 x renders the base glass slightly Ge deficient or Se rich, an idea that will enable us to provide a quantitative interpretation of the thermal results (section 3). The foregoing thermal results can serve as the basis for an elucidation of the molecular structure of the ternary glasses, starting first with glass compositions at x = 0.20 and then moving on to x = 0.25. The deduced structures are then correlated, in sections 4 and 5, with the results obtained from other types of experiment that give information on the structure of these glasses. The MDSC results provide evidence of bimodal T g values in virgin Ag y (Ge 0.20 Se 0.80 ) 1−y glasses. In these experiments, the low-T g endotherm in the 180
Macroscopic phase separation in
• C range is found to systematically shift up while the second T g appearing at a fixed temperature (=230
• C) is found to display increasingly larger C p steps with increasing Ag content.
Both these features are suggestive of a macroscopic phase separation [19] of the melts (glasses) that can be described by the following stoichiometric relationship:
In equation (1), the first term on the right-hand side designates the Ag 2 Se additive glass phase and the second term the remaining base-glass phase. The stoichiometry of the base glass is designated by
Thus, for example, starting with a base-glass stoichiometry of x = t = 0.20 at y = 0, addition of Ag results in an increase of t to 0.24 at y = 0.25. It is for this reason, we believe, that the base-glass T b g systematically shifts up as the Ag concentration of the glasses is increased. From earlier studies [23] , we know that the base-glass T b g equals 180
• C at x = 0.20 and y = 0, and that it is lower than T a g of the Ag solid-electrolyte glass phase (230
• C). Independent confirmation of this picture of macroscopic phase separation was given by alloying Ag 2 Se, rather than elemental Ag, with GeSe 4 in our more recent study [25] where we found that the T b g shift up of the base glass is absent, thus confirming the stoichiometry of the additive glass phase to be close to Ag 2 Se. Taken together, these thermal results are some of the first [19] to suggest that Se-rich glasses in the Ag-Ge-Se ternary system are macroscopically heterogeneous. The observation of a separate T a g for the additive phase in these studies suggests that the heterogeneity of the glasses occurs on a macroscopic scale (a few microns) and for this reason it may be seen by optical microscopy. • C at y = 0 to 320 • C at y = 0.25 as shown by the broken curve in figure 5 . This is the case because equation (2) fixes t, and the corresponding T b g values can be read off from figure 2 in [23] . Although the predicted T b g behaviour parallels the observed non-linear variation, it nevertheless systematically overestimates it by about 30
• C. This suggests that, although the model has the right ingredients, it is not quite complete.
As noted earlier, x-ray diffraction results reveal that the crystalline phase to nucleate at T 
where the first term on the right-hand side designates the crystalline phase nucleated at T 1 x and the second term the remaining base glass. The Ge stoichiometry (t ) of the remaining base glass can be shown to be
Equations (2) and (4) unequivocally show that t < t for a fixed value of Ag alloying y, i.e. the remaining base-glass Ge stoichiometry given by equation (4) figure 5 . These refinements will be discussed comprehensively in a forthcoming publication.
The results of figure 5 on these ternary glasses can thus be understood in terms of two separate glass phases present in the virgin samples: an Ag 2 Se glass phase and a Ge t Se 1−t base-glass phase with t given by equation (2) and having a few per cent of Ag + dangling ends. Upon heating such a virgin glass sample to T 1 x , the Ag 2 Se glass phase in the Ge-Se base glass apparently crystallizes as Ag 8 GeSe 6 , leaving behind an Se-richer base-glass phase of Ge t Se 1−t stoichiometry (where t is given by equation (4)) which has a few per cent of Ag + dangling ends. [4, 5, 27] in which evidence for a homogeneous network description was advanced. Two previous DSC studies [5, 27] reported T g = 230 • C. This observation is certainly consistent with the present work in which a T g at that temperature is found, but is in contrast to earlier reports [5, 27] which assigned it to a homogeneous ternary glass. In the present work, as in our earlier work [19] , we assign it exclusively to the additive phase (T figure 3(a) .
Homogeneous structural model of Ag
The proposal in [5] of a specific 19-atom cluster of stoichiometry Ge 3 Ag 4 Se 3 a Se 3 b (Se 1/2 ) 6 to account for the medium-range structure for a glass with x = y = 1/4 would appear to be inconsistent with the low T g values observed. In this cluster, Ge and Ag take on coordination numbers (CNs) of four and three respectively, while Se takes on three local environments with Se a possessing a CN = 4, Se b a CN = 2 and six bridging Se (CN = 2) that contribute a net three atoms to the 19-atom cluster. A count of the global connectivity of this cluster yields a mean CN r = 3. Structurally, the ternary Ge-Ag-Se glass system may be compared to the Ge-As-Se one, since Ag by analogy to As is thought to be threefold coordinated. If the Ge-Ag-Se glasses were to fully polymerize, as suggested in [5] , one would expect a single T g at about 450
• C. This prediction is based on a plot of T g (r ) for the fully polymerized Ge x As x Se 1−2x ternary [33] where the T g values are found to increase monotonically withr, and to acquire a value of 450
• C nearr = 3. The predicted value of T g = 450 • C far exceeds the two T g values of 230 and 290
• C observed for the glass composition at x = y = 1/4. The bimodal nature of the measured T g values and their low values suggest that the global connectivities of the two macroscopic phases are quite low (r < 2.5). Furthermore, justification of a homogeneous structural model, as suggested in [5] , is put into question since a molecular dynamics analysis [8] of neutron diffraction data does not support such a model. [5] has been analysed by Iyetomi et al [8] using molecular dynamics simulations incorporating a two-body inter-atomic potential and a system of 648 atoms, confined to a cubic box of 25.43 Å edge-length as deduced from the measured number density of the glass. In the simulations, a time step of 0.004 ps was used and the system was thermalized at 1200 K for 20 000 time steps, at 700 K for 40 000 time steps and at 300 K for 40 000 time steps, yielding a total equilibration time of 0.4 ns. In spite of the use of a short equilibration time and two-body forces, the principal features of the observed structure factor S n (q) are reproduced by the simulation [8] . The calculated pair distribution function T (r ) shows that the principal Ge-centred local units are Ge(Se 1/2 ) 4 tetrahedra, in accord with Raman scattering measurements [19] . The Ag-Ag pair distribution function shows [8] a broad peak centred around 3.5 Å and Ag is thought to terminate the GeSe 2 network to form Ag 2 Se-rich domains.
Neutron diffraction experiments on Ag
To decode the distribution of Ag in the simulations, the authors performed a cluster-size distribution analysis using a cut-off distance of 3.8 Å and found that the Ag atom distribution in the network is not random but is clustered. This broadly supports a heterogeneous structure of the glass and not a homogeneous one as was proposed by Dejus et al [5] .
Dielectric spectroscopy and optical microscopy on Ag y (Ge x Se 1−x ) 1−y glasses
Dielectric loss and optical microscopy measurements on Se-rich (x = 0.25) and Ge-rich (x = 0.40) glasses in the Ag y (Ge x Se 1−x ) 1−y ternary system containing varying concentrations of Ag in the 0.05 < y < 0.15 range were reported by Gutenev et al [7] . The dielectric loss measurements were performed using an AC bridge operating in the 10 2 < f < 10 7
Hz frequency range. Glass samples were studied as a function of temperature T (<T g ), and activation energies for carrier transport inferred from the measured relaxation times τ = τ 0 exp(E r /kT ). In general, plots of the dielectric loss (tan δ) displayed two peaks, a verylow-frequency one at <1 kHz ascribed to electrical contact-related effects and a high-frequency one in the 100 kHz range related to the nature of charge carriers in the glasses. The glass-related loss peak is found to shift to lower frequencies with increasing Ag content in Se-rich as well as in Ge-rich glasses. However, the activation energies, E r , deduced from T -dependent shifts are found to be significantly lower (0.15-0.30 eV) for the Se-rich glasses than for the Ge-rich ones (0.6-0.8 eV). The lower activation energies are attributed [7] to Ag + ionic conduction across solid electrolyte inclusions in the heterogeneous Se-rich glasses, while the higher activation energies are attributed to electronic conduction in the homogeneous Ge-rich glasses.
Polished slabs of the glasses were examined [7] by optical microscopy using a 400×objective. NaOH etched samples showed clear evidence of inclusions in the Se-rich glasses. The etching is known to dissolve preferentially the chalcogenide base glass thus increasing the contrast between inclusions. The size of the inclusions was found to be in the 1-3 µm range. We have performed parallel optical microscopy measurements on our Se-rich samples which confirm the existence of inclusions and their size in the micron range.
Intermediate phases in network glasses and Ag 2 Se solid electrolyte glass phase
Pure Ag 2 Se melts, upon a water quench, result in β-Ag 2 Se, the non-superionic phase. A similar result is observed when Ag-containing Se melts are quenched. However, when Ag or Ag 2 Se is alloyed with a Ge x Se 1−x base glass in the 0.20 x 0.25 range, it is possible to obtain [19] fully glassy samples containing up to 30 mol% of Ag. Base glasses at x < 0.20 and at x > 0.25 are not as conducive to glass formation with Ag, and one finds the glass-forming tendency declines slowly with Ag addition as one goes away from the privileged compositional window 0.20 x 0.25. This is seen in figure 1 as a global maximum in the glass-forming tendency near x = 1/4 where glasses can be formed with rather high Ag concentrations.
Recent work on chalcogenide glasses has revealed [28] [29] [30] The role of the intermediate phase in optimizing the glass-forming tendency of the AgGe-Se system is indeed a very curious result. Glasses in the intermediate phase form networks that are isostatically rigid [21] i.e. networks in which the number of cross-links is just sufficient to render them rigid. Elastically floppy (x < 0.20) or stressed rigid (x > 0.26) glasses form networks that are stress prone in general [28] . The above correlation suggests that Ag 2 Se inclusions in the intermediate phase are subject to no residual network stress and form glasses upon cooling because they can remain finely dispersed in the base glass. On the other hand, in stress-prone networks (floppy as well as stressed rigid compositions) we suppose that Ag 2 Se fragments rapidly coalesce upon melt quenching to result in large β-Ag 2 Se inclusions.
One of the recent successes of constraint-counting algorithms is that they provide important insight into the microscopic origin of glass formation of the Ag 2 Se solid electrolyte phase [25] . The glass transition temperature, T a g = 230
• C, found for this phase is suggestive of a low global connectivity. The glass phase is modelled after the structure of Ag 2 Se melts [30] , which diffraction experiments show to be similar to that of the superionic phase α-Ag 2 Se [32] . The fast-ion mobility of Ag in this phase lowers the global count of network connectedness or mean CN [25] tor = 2.26 consistent with the low T g . The calculated mean CN,r = 2.26, for Ag 2 Se is close to the magic value ofr = 2.40, the Phillips-Thorpe value. The latter is generally acknowledged [20] [21] [22] to be the critical value for optimizing the glass-forming tendency in network-forming systems. If Ag were not a highly mobile species in Ag 2 Se melts, constraint-counting algorithms suggest [25] that glass formation would not be possible because of a prohibitively high global connectivity.
Concluding remarks
We have found evidence for bimodal glass transition temperatures in ternary Ag y (Ge x Se 1−x ) 1 x exotherm is not possible, and therefore necessitates the type of partial crystallization study we have undertaken. These studies show that in the presence of a Ge-Se backbone the additive glass phase (Ag 2 Se) actually crystallizes as c-Ag 8 GeSe 6 instead of c-Ag 2 Se. This has the related consequence that the remnant base-glass stoichiometry, after crystallization of Ag 8 GeSe 6 , is slightly more Se rich than the initial glass stoichiometry. It is for this reason that the base-glass T g values found in the partially crystallized samples are somewhat lower than the T g values of the base glass in the pristine samples.
The picture of macroscopic phase separation suggested by the present thermal study raises the fundamental and broader issue: when does a glass network intrinsically phase separate? In general, when the global connectivity of a network,r, exceeds 2.40 glassy networks become stressed rigid [21] . At high global connectivity, such asr = 3, there will always be a tendency for melts to phase separate and lower the global connectivity by demixing: the free energy of the melts is lowered by the process of phase separation on a nanoscale [33] or, occasionally, even on a microscale as observed in the present work. In select cases, nanoscale phase separation can be delayed or even completely suppressed either by chemical disorder, as found in the Ge-As-Se ternary containing equal concentrations of Ge and As [33] , or by minimizing atom size mismatch, as in the Si-Se binary [23] , or even by having closely lying crystalline phases that are optimally coordinated, as in the case of the AgAsS 2 glass [25, 34] . The immiscibility of the solid electrolyte glass phase with the semiconducting base glass (in the present system) is also driven by packing considerations since the molar volumes of the former exceed those of the latter by nearly a factor of 2. For these reasons, a ternary glass at y = 0.25 made up of two distinct macrophases havingr = 2.26 (Ag 2 Se) andr = 2.60 (Ge 0.30 Se 0.70 ) will certainly have a lower free energy than a homogeneous network withr = 3. Careful studies on glasses have shown that the popular homogenous continuous random network description is not the rule but really an exception. A particularly interesting recent [35] exception is that of ternary Ge-S-I glasses. Here the halogen randomly cuts S bridges of the backbone, and glasses reveal a rather sharp floppy to stressed rigid transition with little or no intermediate phase.
